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Preface

The U.S. Army Engineer Waterways Experiment Station (USAEWES)
Explosive Excavation Research Laboratory (EERL) was the USAEWES Explo-
sive Excavation Research Office (EERO) prior to 21 April 1972, Prior to
1 August 1971 the organization was known as the USAE Nuclear Cratering
Group.

This annotated bibliography was compiled under the direction of MAJ
Richard H, Gates. Those who assisted in the compilation were MAJ Richard
W. Mattes, SP4 Richard K, Knowles, Ralph E. Burkett, and William T. Fisher,

During the time the reports in this bibliography were written the follow-
ing officers of the Corps of Engineers served as ‘Director of the Nuclear Cra-

tering Group and the Explosive Excavation Research Laboratory:

Director (with grade during tenure)

LTC Ernest Graves, Jr. (July 1962-July 1964)

LTC Walter J. Slazak (July 1964-June 1967)

LTC Maurice K, Kurtz, Jr. (June 1967-January 1968)
LTC Bernard C. Hughes (January 1968-June 1969)
COL William E, Vandenberg (June 1969-January 1971)
LTC Robert L., LaFrenz (January 1971-July 1972)
LTC Robert R. Mills, Jr. (July 1972- )
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Abstract

This bibliography contains a description of all reports prepared by
the USAE Nuclear Cratering Group (NCG), the USAE Waterways Experiment
Station Explosive Excavation Research Office (EERO), and the USAE Water-
ways Experiment Station Explosive Excavation Research Laboratory (EERL)
from Fiscal Year 1962 through Fiscal Year 1972. The reports address them-
selves to the many topics associated with the use of chemical and nuclear explo-
sives in excavation projects, and each is described by a brief summary or

abstract. Indexing is by subject, author, title, and report number.
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Conversion Factors

British units of measurement used in this report can be converted to metric units

as follows:

Multiply By To obtain
inches 2.54 centimeters
feet 0.3048 meters
cubic feet 0.02832 cubic meters
cubic yards 0.764555 cubic meters
pounds 0.4535924 kilograms
pounds per square inch 0.00689476 meganewtons per square meter
pounds per cubic foot 16.02 kilograms per cubic meter
Fahrenheit degrees 5/9 Celsius or Kelvin degrees®
foot-pounds 0.138255 meter-kilograms

8To obtain Celsius (C) temperature readings from Fahrenheit (F) readings, use the
following formula: C = (5/9) (F - 32). To obtain Kelvin (K) readings, use: K = (5/9)
(F - 32) + 273.15.
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TECHNICAL REPORT E-72-32
ANNOTATED BIBLIOGRAPHY OF EXPLOSIVE
EXCAVATION RELATED RESEARCH

I. Introduction and Summary
A. PURPOSE

The Explosive Excavation Research Laboratory (EERL) through its predecessor
organization, the Nuclear Cratering Group (NCG), has served since 1962 as the Corps
of Engineers activity responsible for engaging in research to determine the feasibility,
costs, and engineering practicability of using large-yield chemical high explosives and
nuclear explosives for civil construction, Effective 1 August 1971, EERL was estab-
lished as an activity of the U.S, Army Engineer Waterways Experiment Station, Vicks-
burg, Mississippi. EERL's location at the Lawrence Livermore Laboratory (LLL) in
Livermore, California, facilitates technical interchange and continues a long-standing
Corps of Engineers association with LLL Plowshare research activities —research
directed toward peaceful applications of nuclear explosives under the auspices of the
Division of Peaceful Uses of Nuclear Explosives of the U,S. Atomic Energy Commis-
sion (AEC).

Prior to 1969, explosive excavation research was principally concerned with
nuclear explosives, and chemical high-explosives were used for modeling nuclear
excavation concepts. Since 1969, the direction has been toward the development of
both chemical and nuclear explosive excavation design techniques and engineering pro-
cedures which can be used on a wider range of sizes and types of civil engineering
excavation projects, Flexibility and adaptability in design procedures, engineering
practicability, and cost competitiveness with conventional excavation methods are the
guidelines for the current research effort. Military-related explosive excavation
research emphasizes high-priority military requirements. The nuclear modeling expe-
rience within the Laboratory is now being applied to the general problem of simulation
of ADM cratering detonations with chemical explosives. The Laboratory's unique back-
ground in nuclear and chemical explosive studies and testing qualifies it to conduct re-
search in many explosion related phenomena and explosion engineering techniques of

value to civil engineers and to the Army.

Durmg the period 1 August 1971 to 21 April 1972 the organization was known as the
Explosive Excavatlon Research Office; however, on 21 April 1972 the "Office' was
changed to "Laboratory."
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B. ORGANIZATION

Section II of this bibliography lists by type and numerical designation all NCG/
EERL prepared or sponsored reports through FY 72. Each listing gives a brief sum-
mary or abstract of the report, author's name, and publication date.

To increase the usefulness of this bibliography, all reports have been cross-
indexed by subject (Section IIIA), by author (Section IIIB), and by title (Section IIIC),

C. CLASSES OF REPORTS

1. Technical Reports (TR's)

Reports prepared by NCG/EERL personnel covering research and development
activities considered pertinent for wide distribution. These reports are distributed to

all pertinent Corps of Engineer agencies and to other specific government agencies.

2. Technical Memoranda (TM's)

Documents prepared by NCG/EERL personnel for internal use only. External
distribution of these memoranda is made only in special cases to satisfy technical coor-

dination requirements.

3. IOCS Memoranda

Reports relating to Interoceanic Canal Studies generated by NCG as a group.
Only a limited number of copies of these reports was made.

4. PNE Reports

Reports published under the auspices of the AEC Peaceful Uses of Nuclear Explo-
sives Program (PNE). The PNE reports published by NCG/EERL cover primarily the
results of major NCG/EERL cratering experiments, NCG technical programs included
as a part of AEC nuclear cratering experiments, and technical feasibility studies of

general interest to personnel involved in the Plowshare program.,

5. Miscellaneous Reports

Reports published by other agencies covering research and development activities
sponsored and funded by NCG/EERL.

6. Articles
Articles published by members of the group in trade publications.

D. AVAILABILITY

TR's and PNE reports are available through National Technical Information Ser-
vice, U,S., Department of Commerce, Springfield, Virginia 22151, or the Defense
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Documentation Center, Cameron Station, Alexandria, Virginia 22314,

Organizations

desiring copies of TM's or IOCS Memos should contact the Director, U.S. Army Engi-

neer Waterways Experiment Station Explosive Excavation Research Laboratory, P.O.

Box 808, LLawrence Livermore Laboratory, Livermore, California 94550, Other reports

can be obtained through the National Technical Information Service in the same manner
as TR's and PNE's.

The following is a listing of all reports and articles,

II. Reports

A. Listing of Reports

following categories:

L.

D s W N

Technical Reports (TR's)
Technical Memoranda (TM's)
IOCS Memoranda

PNE Reports

Miscellaneous Reports
Articles

1, Technical Reports (TR's)

TR

TR-1
(DASA)
1669

TR-2
TR-3
TR-4
(Secret)
TR-5

TR-6
LR=T
TR-8

TR-9
TR-10

TR-11
TR-12

TR-13

Subject

Military Engineering with Nuclear Explosives

Nuclear Construction Engineering Technology
Project ZULU II, Phase I: Single-Charge Calibration Series

Report of Farout Fallout Collection for Projects CABRIOLET
and BUGGY

Project ZULU II: Laboratory-Scale Row-Charge Cratering
Studies

Nuclear Excavation Design of a Transisthmian Sea-Level Canal
(Not used —changed to PNE 527.)

The Corps of Engineers Nuclear Explosives Studies for Civil
Construction

{Not used.)

Construction Techniques and Costs for Emplacement of Nuclear
Explosives in Disturbed Media

Nuclear Explosive Quarrying Potential within North Pacific
Engineer Division

Conventional Excavation Methods and Costs for Use in Feasi-
bility Studies of Nuclear and Conventional Earthwork Projects

Quarrying with Nuclear Explosives

-3-

grouped numerically in the

Date
published
Jun 66

Sep 68
Nov 68
Dec 69

Nov 68

Oct 68

Oct 68

Mar 69
May 70
Jun 69

Dec 70




TR

TR-14
TR-15
TR-17
TR-18
TR-19
TR-21
TR-22
TR-23

TR-25
TR-26

TR-27
TR-28
TR-29
TR-30

TR=31
TR-32

TR-33
TR-34

TR-35
TR-36

TR-37
TR-38"

TR-39
TR-40

Date

Subject published
Natural Rubble Slopes and Their Relevance to Crater Fallback Sep 69
Slopes
Empirical Study of Behavior of Clay Shale Slopes Dec 70 (vol. 1)
Jul 71 (vol. 2)
Project Tanktrap: A Field Evaluation of Nuclear Terrain Jun 69
Barriers
A Simple Technique to Determine the Size Distribution of Mar 70
Crater Fallback and Ejecta
The NCG Fallout Scaling Model: A Graphic-Numerical Method Jan 70
of Predicting Fallout Patterns for Nuclear Cratering
Detonations
Explosive Excavation Technology Jun 71
Fallout Prediction Procedure for Subsurface ADM's Sep 71
Project Tugboat: Explosive Excavation of a Harbor in Coral Feb.72
Study of Explosives for Lunar Applications Feb 71
Construction of Underground POL Storage Facilities with June 72
Nuclear Explosives
Seepage Characteristics of Explosively Produced Craters in Sep 70
Soil and Rock
Project TRENCHER: Evaluation of Aluminized Blasting Agents Nov 70
for Cratering and Hole Springing
Initiation of Failure in Slopes in Overconsolidated Clays and Jan 71
Clay Shales
Hydrologic Transport of Radionuclides from Nuclear Craters Sep 70
and Quarries
Cratering in Layered Media In pub
Annotated Bibliography of Explosive Excavation-Related July 72
Research
Project SERGIUS NARROWS —Summary of Tests on Liesnoi Nov 71
Island, Alaska, 1970
Project TRINIDAD: Explosive Excavation Tests in Sandstone June 72
and Shale
MIDDLE COURSE I Cratering Series Jun 71
Analytical and Graphical Methods for the Analysis of Slopes Jul 71
in Rock Masses
Summary of Time-Delayed Row-Charge Cratering Experiments, May 71
Site 300, 1970
Project Pre-GONDOLA IIT Phase III: Connection of a Row Aug 71
Crater to a Reservoir
A Revised Empirical Approach to Airblast Prediction Nov 71
Prediction of Ground-Shock-~-Induced Airblast Overpressures Nov 71

for Subsurface Explosions from Peak Vertical Spall Velocity

Published also as PNE-1120.



2. Technical Memoranda (TM's)

TM

65-1

65-2
65-3
65-4
65-5
65-6

(Secret-
RD)

65-7
65-8
65-9

65-10
65-11
65-12
65-13

65-14
65-15

66-1
(Secret-
RD)

66-2

66-3

66-4
66-5
66-6
66-7

66-8

Subject

Computer Code Input and Printout Interpretation for the A, V,
Shelton Fallout Model (FLIP)

Pre-SCHOONER Ground Surface Motion Study
Surface Geology of the Pre-SCHOONER II Area

Postshot Field Investigations, Buckboard Mesa, Nevada Test
Site

Analysis of the Knox Fallout Prediction System (KFOC)

Method for Predicting Dose Rate Pattern at Various Times
for Multi-Detonation Excavation Programs (U)

Ground Water Contamination Study and Evaluation
Study of the Shape and Slope of Explosion-Produced Craters

Project ZULU: A One-pound High Explosive Cratering Exper-
iment in Scalped and Remolded Desert Alluvium

Analysis of A, V, Shelton Fallout Prediction System (FLIP
CODE)

Geologic Examination of the Access Shaft and Explosive Cavity
for Project Pre-SCHOONER II

A Preliminary Model for Analysis of Nuclear Crater Slope
Stability in Homogeneous Medium

A Preliminary Assessment of Overexcavation as a Possible
Solution to Potential Slope Stability Problems

(Not used—see PNE-5006.)

Preliminary Report of the Analytic Study of Tide-Induced
Currents in a Sea-Level Canal

Investigations of the Resulting Crater Slope and Local Fallout

Radioactivity to be Expected When a Nuclear Device is Buried

at a Scaled Depth Less than Optimum and the Yield Varied to
Give the Required Crater Depth (U)

The Knox Fallout Prediction System's (KFOC) Response to
Changes in Input Parameters Which Define the Activity-
Particle Size Distribution

Summary of the Opinions of the Technical Associates to the
Atlantic-Pacific Interoceanic Canal Study Commission, and
Opinions of the Consultants to the Waterways Experiment
Station which are Related to the Nuclear Excavated Cuts

Early Estimates of Radioactivity in the Fallout Field

Phenomenology of the Formation of a Crater by Detonation of
a One Pound Charge Buried at a Depth of Burst of Two Feet
in the ZULU II Moist Sand

The Effects of Inhomogeneities in a Controlled Sand Medium
on Small Scale High Explosive Experiments

Consolidated Report: Operation Breakup, FY 66, Ice Crater-
ing Experiments, Blair Lake, Alaska

Cloud Dimensions for Cratering Explosions

Date
published

Mar 65

Apr 65
May 65
Aug 65

May 65

Jun 65

Jul 65
Nov 65
Oct 65

Jul 65
Nov 65
Nov 65

Nov 65

Nov 65

Jan 66

Jan 66

Feb 66
(Limited
distribu-
tion)

Feb 66
Feb 66
Aug 66

Nov 66

Sep 66




TM

66-9
(Secret-
RD)

66-10
66-11

66-12
66-13

66-14

66-15
66-16
66-17
66-18

66-19
66-20

67-1

67-1a
(Secret-
RD)

67-2

67-3
67-5
67-6

67-10

67-11
67-12
67-13

Subject

Study on Tactical Fallout Prediction Method for the Military
Engineering Application of Nuclear Explosives (U)

(Not used —see PNE-1100.)

A Computer Solution Using the Pillsbury Method for Computa-
tion of Tides and Currents in Nuclear Excavated, Conven-
tionally Excavated or Combination Channels

Stem Design for Tactical Emplacement of Nuclear Explosives
A Model of the Formation of the NEPTUNE Crater

Analysis of Surface Motion Phenomena of One-pound ZULU II
Charges of Varying Depth of Burst

Analysis of the Phenomena Within the Immediate Crater Area
Resulting from the Detonation of One-pound ZULU II Charges

Tidal Hydraulics —Preliminary Report on the Results of Tidal
Hydraulic Computations (Pillsbury Method)

Tidal Hydraulics —Hydraulic Characteristics of Tidal Channels
Produced by Nuclear Explosive Techniques

Variation of Project ZULU II Crater Dimensions Versus
Medium Properties

Zone of Bulking, Project SULKY

A Report of the Scope and Preliminary Results of Project
Pre-GONDOLA I

Predicted Dose Rates within the Nuclear Crater and Lip Area

Predicted Dose Rates within the Nuclear Crater and Lip
Area (U)

Channel Criteria for the Evaluation of the Tides and Currents
in a Nuclear Excavated Sea-Level Canal

Engineering Properties of Craters
An "L" Shaped Row Charge Cratering Experiment

The Euclid Code, A Computer Program for the Calculation of
the Nuclear Explosive Requirements for a Nuclear Exca-
vated Channel

Trace Elements in Common Rock Types and Their Relative
Importance in Neutron-Induced Radioactivity Calculations

Pre-SCHOONER Target Horizontal Displacement and Velocity
Histories

A Report of the Scope and Preliminary Results of Project
Pre-GONDOLA II: Row Charge Cratering Experiment

Pre-Gondola Seismic Decoupling Series

(Not used.)
(Not used.)
(Not used.)

Date
published

Oct 66

Jul 66

Aug 66

Sep 66;
revised:
Apr 67

Jul 66;
revised:
May 67
Apr 67
Oct 66
Oct 66
Oct 66

Nov 66
Dec 66

Feb 67
Feb 67
Jan 67

Mar 67
Mar 67
Apr 67
Jan 67
Jul 67
Aug 67

Jul 67;
revised:
Jan 68



TM

67-14

67-15
67-16

67-17

67-18

67-19

67-20
68-1

68-2
68-3

68-4

68-5

68-6

68-7

68-8

68-9

68-10

68-11

68-12

68-13

68-14

68-15

68-16

69-1

Subject
Explosively Producing an Embankment Across a Narrow,
Steep-Walled Canyon
(Not used.)

Nuclear Excavation Feasibility Study, Construction of Rockfill
Embankment for a Dam

Site Selection Investigation for a High Explosive Cratering
Experiment in Varying Terrain

Conceptual Study: Dam Construction in Dimond Gorge,
Western Australia

Concepts and Techniques of Seismic Site Calibration for
Project Pre-GONDOLA

Project ANGLEDOZER Site Selection Investigations

The Wind Code: A Computer Program for Calculating and
Summarizing Wind Hodographs

Concepts of Nuclear Excavation

Project Pre-GONDOLA II: Physical Characteristics Studies,
Fort Peck Dam Embankment

Effective Yields for Effects Predictions for Row and Array
Emplacement of Surface and Buried Nuclear Charges

Results of Array Modeling Experiment to Produce Flat Slopes
Using the Two-Pass Concept

Summary of Nuclear Crater Slope Stability Empirical and
Analytic Studies, FY 1963-FY 1968

Preliminary Assessment of Nuclear Crater Slope Stability as
Related to the Interoceanic Canal Studies

A Computer Program for Analyzing the Stability of Nuclear
Crater Slopes

Project ZULU II: Summary Report of Flat-Slope Array
Experiments

Preliminary Report: NCG Pre-GONDOLA III Sixty-Four
Pound TNT Flat-Slope Experiments Conducted at Fort
Peck, Montana

Sensitivity of Nitromethane and Survivability of a One-Ton
Aluminum Sphere Under High Pressure Loading

BORHOL: A Computer Program to Compile Geological Engi-
neering Parameters from NX Borehole Camera Data

Analysis of the Feasibility of Channel Improvement by Nuclear
Excavation at Sergius and Whitestone Narrows, Alaska

Analysis of Vesic Crater Modeling Experiments

Analysis of the Grid Photography Technique as a Means of
Determining the Size Distribution of Crater Fallback and
Ejecta

Preliminary Assessment of the Postshot Engineering and
Construction Requirements for the Cape Keraudren Port
Development Project

Preliminary Estimation of the Postshot Interval Required
for Radionuclide Concentration in Family Cow Milk to
Decay to Acceptable Levels
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Date
published

Sep 67

Sep 67
Sep 67
Oct 67
Dec 67

Nov 68
Feb 68

Feb 68
May 68

Feb 68
Mar 68
Apr 68
Apr 68
Jul 68

Nov 68

Jul 68

Oct 68
Jan 69
Nov 68
Nov 68
Jan 69

Jan 69

Jan 69




TM

69-2
69-3
69-4
69-5

69-6
69-7

69-8
69-9

69-10
69-11

69-12
70-1
70-2
70-3
70-4

70-5
70-6

70-7
70-8
70-9
70-10
70-11

70-12

70-13

70-14

70-15

=il
Ti=2
=3
71-4
71-5

71-6

Subject

(Not used—-cancelled.)
Project ZULU II: Harbor Modeling Study
(Not used —cancelled.)

A Method for Predicting Final Rubble Size in Explosive
Excavations

General Site Selection Study

Predicted Exposure Rates Within the Nuclear Crater and
Lip Area

(Not used —changed to NCG-TR-28.)

Estimating the Internal Radiation Dose to Man Via Major
Ecological Pathways for Plowshare Nuclear Cratering
Events

(Not used—changed to IOCS Memo.)

Summary or Explosive Cratering Performance Tests Con-
ducted at Site 300 During 1969

Lunar Excavation with Buried Explosives
Analysis and Reevaluation of Bulking Factnrs
(Not used —Cancelled —Changed to TR-39.)
Chemical Explosive Excavation State-of-the-Art

Explosive Excavation on the Moon: The Lunar Surface, Lunar
Explosives and Emplacement, Terrestrial Modeling Tech-
niques, and Seismic, Blast, and Ejecta Effects

Conceptual Lunar Applications of Chemical Explosives

Training for Chemical Explosives Employment for Lunar
Application

Analysis of Hydrologic Transport of Tritium

Rainfall Leaching Model for Fallout Tritium: The Rain Code
(Not used —Cancelled)

(Not used—Cancelled—Changed to TR-40.)

Summary of Underwater Cratering Tests Conducted at Site 300
during 1970

Feasibility of Constructing a Military Harbor Using Nuclear
Explosives

A Method for Estimating the Bulking Factor of Rubble in
Explosive Excavation

Review of Material on Predicting Underwater Shock Wave
Dynamics and Safe Distances for Underwater Swimmers

User's Manual for Crater Data: A Computer Code for Analyz-
ing Experimental Cratering Tests

Cost Experience of Explosive Excavation Experiments
Explosive Cavity Construction by Drilling and Underreaming
Media Classification for Explosive Excavation

Wedge Slope Stability Analysis of Explosive Excavations

Groundwater and Piezometric Records for Pre-GONDOLA
Craters

Results of Cylindrical Charge Tests Conducted at Site 300, 1970
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Date
published

Feb 70

Apr 70

Jan 70
May 69

Aug 70

Jul 70

Jan 70
Mar 70

Jan 71
Jan 71

Feb 71
Aug 70

Apr 71
Feb 71

Aug 71
Mar 71
Apr 71
Mar 71
Oct 70

Feb 72
Dec 71
Sep 71
Dec 71
May 71

Jan 72




™
71-7

71=8

71-9
71-10
TA=1;

71-12
71-16
71-17

71-29

71-30
T2=E]
J2=2
72-4

Subject

Design and Analysis of Spherical Aluminum Containers Used
in the Middle Course Cratering Experiments

Tree Damage from the TRINIDAD Cratering Experiments C-1,
C-2, and C-3

Underwater Explosive Excavation Modeling Tests
Project MINI-MOUND

A Study of Emplacement Construction Techniques for the
Explosive Excavation of SERGIUS NARROWS

Explosive Excavation Test Facility, Site 300
Prediction of Fallout from Buried Nuclear Devices (U)

Shock Wave Interaction and Near-Surface Cavitation, Project
Tugboat

Simulation of Subsurface Nuclear Explosions with Chemical
Explosives

User's Manual for CPM Computer Code

User's Manual for MIDOL Cost Minimization Computer Code
Anthology on Explosive Excavation, 1968-1971

User's Manual for MITIM Time Minimization Computer Code

3. IOCS Memoranda

I0CS

Memo

3

o W 00 3>,

12
13
14
15
16
1

18
19

Subject

Report of Petrographic Analyses on Rock Samples from
Routes 17 and 25

Preliminary Report on the Analytic Study of Tide Induced
Currents in a Sea-Level Canal

List of Notes and Publications on Soils and Geologic Data
Pertaining to the IOCS Engineering Feasibility Studies
Available from the Personal Library of Thomas F,
Thompson, Consulting Engineering Geologist

Preliminary Alignment Investigation: Route 17
Preliminary Alignment Investigation: Route 25
Preliminary Alignment Investigation: Route 17
Preliminary Alignment Investigation: Route 25

Second Report of Petrographic Analyses of Rock Samples
from Routes 17 and 25

Geomorphic Analysis of Route 17

Preliminary Alignment Investigation: Route 17
Nuclear Excavation Design (Preliminary): Route 25
Geomorphic Analysis of Route 25

Nuclear Excavation Design (Preliminary): Route 17
Nuclear Excavation Design (Preliminary): Route 25

Special Report 1966: Construction of an Isthmian Sea-Level
Canal by Nuclear Methods: Route 8, Nicaragua-Costa Rica

Nuclear Excavation Design (Preliminary): Route 17

Nuclear Excavation Design (Preliminary): Route 25
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Date
published
Feb 71

Mar 72

Jan 72
Mar 72
Aug 71

Dec 71
Jan 72
Apr 72

Mar 72

Jan 72
Feb 72
Jan 72
Apr 72

Date
published

Nov 65
Nov 65

Nov 65

Dec 65
Dec 65
Mar 66
Mar 66
Apr 66

May 66
Jun 66
Jun 66
Jul 66
Sep 66
Sep 66
Dec 66

Dec 66
Dec 66



IOCS

Memo

20

21
22
23

24
25
26
27

28

29
30
3¢l
32
33
34
35

36

Subject

Special Report 1966: Construction of an Isthmian Sea-Level
Canal by Nuclear Methods: Route 8, Nicaragua-Costa Rica
(Revised)

Nuclear Excavation Design (Preliminary): Route 17
Nuclear Excavation Design (Preliminary): Route 25

Summary Report: Construction of an Isthmian Sea-Level
Canal by Nuclear Methods: Route 8, Nicaragua-Costa Rica

Nuclear Excavation Design (Preliminary): Route 17
Nuclear Excavation Design (Preliminary): Route 17
Nuclear Excavation Design (Preliminary): Route 25

Analysis of Array Concepts for Nuclear Excavation of the
Chucunaque Valley Shales, Route 17A

Elements of Emplacement Construction Design for an Isthmian
Sea Level Canal

Topographic Analysis of Route 25

Topographic Analysis of Route 17

Summary of Geology and Rock Physical Properties: Route 17
Slaking Behavior of the Choco Volcanics

Summary of Geology and Rock Physical Properties: Route 25
Slope Stability in the Choco Volcanics

Engineering Properties of Craters and Principles of Crater
Stability

Liquefaction Potential of Atrato Valley Soils: Route 25

4, PNE Reports

PNE Subject
234F SEDAN Stability of Crater Slopes

300P Pre-BUGGY Scope of Chemical Explosive Cratering

Experiments

301F Pre-BUGGY Venting Measurements

302 Pre-BUGGY Emplacement and Firing of High-Explosive
Charges and Crater Measurements

304 Pre-BUGGY Base Surge Analysis

315F Studies of Pre-BUGGY II Apparent Craters

Pre-BUGGY II

322 BUGGY Preshot Geologic and Engineering Properties
Investigations

501F Stem Design and Shotcrete, Grout and Concrete

Pre-SCHOONER Support

502F Crater Measurements

Pre-SCHOONER

S503F

Base Surge and Cloud Formation

Pre-SCHOONER
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Date
published

Mar 67

Mar 67
Mar 67
Mar 67

Jun 67
Dec 67
Dec 67
May 68

Aug 69

Sep 69
Sep 69
Sep 69
Apr 70
Oct 69
Oct 70
Dec 70

Aug 70

Date
published

Mar 64
Aug 63

Aug 64
Feb 65

Sep 63
Jun 65

Apr 69
Nov 64
Mar 65

Apr 65




PNE

504F

Pre-SCHOONER

505P

Pre-SCHOONER

505F

Pre-SCHOONER

506 F

Pre-SCHOONER

507

Pre-SCHOONER II

508

Pre-SCHOONER II

509

Pre-SCHOONER II

510

Pre-SCHOONER II

511

Pre-SCHOONER II

512F

Pre-SCHOONER II

513

Pre-SCHOONER II

514

Pre-SCHOONER 11

515

Pre-SCHOONER II

516

Pre-SCHOONER II

527

601F
602F
609F
610F

713F
719P
720

904F
905F

957

966

SCHOONER

DUGOUT
DUGOUT
DUGOUT
DUGOUT

SULKY
SULKY
SULKY
PALANQUIN
PALANQUIN

CABRIOLET

CABRIOLET

Subject

Strong Motion Seismic Measurements

Preshot Investigations for Project Pre-SCHOONER,
Buckboard Mesa, Nevada Test Site

Geologic and Engineering Properties Investigations
Surface Motion Measurements

Technical Director's Summary Report

Apparent Crater Studies

Preshot Geologic and Engineering Properties
Investigations

Design, Construction, and Postshot Evaluation
of Concrete Stem for Access Hole

Cloud Development Studies
Airblast Measurements

Surface Motion Measurements
Ground Shock Measurements
Subsurface Effects Measurements

Postshot Geologic and Engineering Properties
Investigations

Far-Out Fallout Collection Program for Project
SCHOONER

Apparent Crater Studies
Geologic and Engineering Properties Investigations
Deep Underground Shock Measurements

Concrete, Grout, and Shotcrete Support, and
Design and Postshot Evaluation of Stem

Crater Measurements

Preshot Geologic Investigations

Geologic and Engineering Properties Investigations
Studies of the Apparent Crater

Preshot Geologic and Engineering Properties
Investigations

Engineering Properties Investigations of the
CABRIOLET Crater

Preshot Geological Engineering Investigations
for Project CABRIOLET, Pahute Mesa,
Nevada Test Site
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Date
published

Sep 65
Sep 65
Mar 67
Oct 68
Dec 65
Nov 66
Oct 67
May 67
Feb 66
Sep 67
May 68
Apr 66
Jan 66
Sep 67
Jun 70

Mar 65
Dec 67
Dec 64
Dec 64

Oct 65
Mar 65
Sep 66
Apr 66
Jun 67

Oct 69

Jun 67




PNE

1100
Pre-GONDOLA

1101
Pre-GONDOLA

1102
Pre-GONDOLA

1103
Pre-GONDOLA

1104
Pre-GONDOLA

1105
Pre-GONDOLA I

1106
Pre-GONDOLA 1

1107 Pre-
GONDOLA I Part I

1107 Pre-
GONDOLA I Part II

1108
Pre-GONDOLA I

1110
Pre-GONDOLA I

161,11
Pre-GONDOLA I

1112
Pre-GONDOLA II

1113
Pre-GONDOLA II

1114
Pre-GONDOLA III

1115% Pre-
GONDOLA II

1116
Pre-GONDOLA II

1117 Pre-
GONDOLA III
Phase II

1118
Pre-GONDOLA III

1119
Pre-GONDOLA II

11207 Pre-
GONDOLA III

2000 ICS-1964

2001 ICS-1964

Subject
Seismic Site Calibration

Site Selection Investigations
Technical Director's Summary Report
Geologic Engineering Investigations and

Properties of Craters

Close-in Ground Motion, Earth Stress, and
Pore Pressure Measurements

Intermediate Range Ground Motion

Structures Instrumentation

Crater Studies: Crater Measurements

Crater Studies: Surface Motion

Cloud Development Studies

Lidar Observations of Pre-GONDOLA I Clouds

Preshot Geophysical Measurements

Summary Report

Close-in Ground Motion and Earth Stress

Summary

Intermediate Range Ground Motions for
Pre-GONDOLA II and Associated Events

Structures Instrumentation

Summary Report: Connecting Row Charge

Microbarograph Measurements

Airborne Lidar Observations

Connection of a Row Crater to a Reservoir
Isthmian Canal Plans —1964 Annex C,

Appendix 1, Nuclear Excavation Plan

Isthmian Canal Studies —1964: Inclosure A,
Excavation with Nuclear Explosions

*Published also as UCRL-50433.
tPublished also as TR-38.
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Date
published
May 68

Feb 67
May 68
May 69
Sep 67
Jul 67
Aug 67
Dec 67
Feb 69
Sep 67
Jul 67
Jul 67
Feb 71
Oct 68
Apr 70
Oct 68
May 68

Sep 70

Jun 71
Nov 67
Aug 71
Sep 64

Sep 64



PNE Subject
5001P GEOLOGY Engineering Geology of Buckboard Mesa,

Nevada Test Site

5003 FEASIBILITY Investigation of Manufacture of Aggregate and

APPLICATIONS

Riprap by Nuclear Means

5004F FEASIBILITY/ Construction Techniques and Costs for Under-

CONSTRUCTION
TECHNIQUES

ground Emplacement of Nuclear Explosives

5005 DANNY BOY Engineering Geologic Investigations
5006 FEASIBILITY/ Trace Elements in Common Rock Types and

SAFETY

their Relative Importance in Neutron-Induced
Radioactivity Calculations

5008 FEASIBILITY/ Distribution of Selected Trace Elements in

SAFETY

5009 CRATER
STABILITY

5010 CRATER
STABILITY

5011 ZULUII

5012-I CRATER
STABILITY

5013

Rocks

Engineering Properties of Nuclear Craters:
Report 4, The Formation and Stability of
Slopes in Cohesionless Materials

Engineering Properties of Nuclear Craters:
A Study of Selected Rock Excavations as
Related to Large Nuclear Craters

The Formation of a Crater as Observed in a
Series of Laboratory-Scale Cratering
Experiments

Engineering Properties of Craters: Description
of Crater Zones and Site Tnvestigation Methods

Crater Stability Under the Influence of Large
Seismic Motions

5. Miscellaneous Reports

EERC-69-16

WES MP
S-68-3
WES MP
S-68-8
WES MP
H-69-5
WES MP
H-69-6
WES MP
S-69-12
WES MP
S72-2
WES MP
3-895
WES MP
3-902

WES MP
3-974

Subject

The Behavior of Sands under Seismic Loading Conditions

Application of Finite Element Method in Determining
Stability of Cratered Slopes

Selected Methods for Analyzing the Stability of Crater
Slopes

Hydraulic Characteristics of Nuclear Excavated
Channels

Canal Density Currents

Variation in Angle of [nternal Friction with Confining
Pressure

Application of Finite Element Method in Determining
Stability of Crater Slopes

Preshot Geological and Engineering Conditions at the
Project FLIVVER Site, Nevada Test Site

Chukar Mesa Investigation: Exploration of Areas for
a Possible Hard-Rock Cratering Site —BUGGY I

Settlement of Fallback Materials
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Date
ublished

Jul 64
Feb 65
Apr 69
Aug 66
Jun 66

Feb 68

Aug 67

Sep 67

Sep 67

Feb 68

Mar 71

Date
published

Dec 69
May 68

Jul 68
May 69
May 69
Apr 69
Jan 72
May 67
Jun 67

Feb 68




WES MP
3-981

WES
TE=-12=2

WES
TR~3-699
(Rpt. 1)

WES
TR-3-699
(Rpt. 2)

WES
TR-3-699
(RPT. 3)

WES
TR-3-699
(Rpt. 5)
WES
TR-3-699
(Rpt. 6)

6. Articles

Article 1

Article 2

Article 3

Article 4

Article 5
Article 6

Article 7
Article 8
Article 9
Article 10

Article 11
Article 12

Article 13

Article 14

Subject
Survey of Slope Failures in Reservoirs

Seepage and Groundwater Effects Associated with
Explosive Cratering

Site Selection Investigations, Wet Medium Cratering
Experiments

Theoretical Studies of Cratering Mechanisms Affect-
ing the Stability of Cratered Slopes —Phase II

Review and Analysis of Available Information on
Slopes Excavated in Weak Shales

Residual Shear Strength of Weak Shales

Theoretical Studies of Cratering Mechanisms Affect-
ing the Stability of Cratered Slopes —Phase III

Subject

Trace Elements in Common Rock Types and Their
Relative Importance in Neutron-Induced Radio-
activity Calculations

Nuclear Excavation Design of a Transisthmian Sea-
Level Canal

The Corps of Engineers Nuclear Construction Re-
search Program

Formation and Engineering Characteristics of Nuclear
Craters for Construction Purposes

Nuclear Excavation Research

The Corps of Engineers Nuclear Construction Re-
search Program

A Concept of Row Crater Enhancement
Status of the Interoceanic Canal Study
Excavation Research with Chemical Explosives

Prediction of Gamma Exposure Rates in Large
Nuclear Craters

Stability of Nuclear Crater Slopes in Rock

A Simple Technique to Determine the Size Distribution
of Nuclear Crater Fallback and Ejecta

Use of Nuclear and Conventional Explosives in Con-
struction

Project Pre-GONDOILA: Explosive Excavation Exper-
iments in Clay Shale
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Date
published
May 68
Apr 72

Oct 65

Oct 65

Aug 65

Dec 66

Mar 67

Date
published

1968

Sep 69
Sep 69
Jun 68

Sep 68
1970

1970

Jan 70
Jan 70
Jan 70

Jan 70
Jan 70

Oct 70

Mar 70



Date

Subject published
Article 15 The Corps of Engineers Nuclear Construction Research Jan 70
Activities
Article 16 A Demonstration Project in the Explosive Excavation Apr 71
of a Railroad Cut
Article 17 Explosive Excavation Current Trends May 71
Article 18 Slope Analysis for Explosive Excavations Sep 71
Article 19 Explosive Excavation Sep 71
Article 20 Large Yield Explosive Charges and Effects Sep 71
Article 21 Low Cost Excavation with Large Explosives Sep 71
Article 22 Explosive Excavation Research: Projects TUGBOAT Oct 71
and TRINIDAD
Article 23 Simulating Subsurface Nuclear Explosions with Chem- Oct 71
ical Explosives
Article 24 Rapid Excavation with Explosives Apr 71
Article 25 The Corps is Putting Explosive Excavation Design on Feb 72
a More Scientific Basis
Article 26 Progressive Failure Model for Clay Shale Mar 72
Article 27 Army Develops ''Instant Excavation' Apr 72
Article 28 Explosive Excavation Development for Construction Apr 72

and Combat Applications

Article 29 Explosive Excavation Research Apr 72

B. NCG/EERL Technical Report Abstracts

(Listed sequentially by report number)

TR-1 (DASA 1669) June 1966
MILITARY ENGINEERING WITH NUCLEAR EXPLOSIVES
Kurtz, M. K,, and B, C. Hughes

The manual contains technical information concerning cratering with nuclear ex-
plosives and the associated hazards. It also describes techniques for using nuclear
explosives to accomplish practical military engineering tasks.

The technical information includes: (1) characteristics of nuclear explosives;
(2) mechanics of crater formation; (3) apparent crater dimensions for various media
determined by experiments with single and row charges; (4) characteristics and engi-
neering properties of true and apparent craters; and (5) emplacement construction and
stemming.

The safety of any particular application may be assessed using the information
presented on the hazards of radioactivity, ground shock, air blast, thermal radiation,
and missiles from nuclear cratering detonations. Appendices contain procedures and

methods for both tactical and detailed fallout prediction.
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The techniques for military engineering employment of nuclear explosives are
given, showing: (1) demolition of hard targets such as bridges, dams, airfields, and
tunnels; (2) the creation of terrain barriers through demolition of fills and cuts or
blocking defiles with landslides; and (3) application of nuclear explosives as a tool for
military construction of navigable channels and beach landing facilities by means of
nuclear excavation,

This engineering manual supplements other publications which describe the tacti-

cal aspects of employment of nuclear explosives.

TR-2 September 1968
NUCLEAR CONSTRUCTION ENGINEERING TECHNOLOGY

Hughes, B.C., Holmes, R.S., Redpath, B. B., Andrews, J.B., Day, W.C,,
Fisher, P.R., Bechtell, W.R.

This report provides the technology which enables the engineer to make engineer-
ing, safety and cost analysis of the applicability and feasibility of using nuclear explo-
sives in conjunction with the construction of specific civil works projects.

A discussion of the basic concept of using nuclear explosives for construction
purposes and a description of the types of projects which appear to have the greatest
potential as nuclear construction applications is presented. An explanation of the ele-
ments which must be considered in assessing the engineering feasibility of using
nuclear construction methods is included together with a recommended procedure which
may be used in accomplishing the design. Data are presented pertaining to the phenom-
enology of nuclear crater formation as well as information concerning the techniques
currently available for predicting the engineering characteristics of nuclear craters
and evaluating, in turn, the potential long-term engineering behavior of nuclear excava-
tions. Technical data pertaining to the safety considerations of the radioactivity re-
lease, seismic propagation and airblast which accompany a subsurface nuclear detona-
tion and methods for assessing the impact that these phenomena will have on project
feasibility are also presented.

Engineering criteria which may be used in the design of specific nuclear construc-
tion projects and information concerning the conventional construction requirements
which must be accomplished in conjunction with nuclear excavations are presented.

The scope of nuclear field operations which must be accomplished in order to emplace
and detonate nuclear explosives in a manner that will insure public safety is discussed.
A discussion of the items which must be considered in estimating the overall cost of a
nuclear construction project and quantitative cost estimating data for use in evaluating
the economic feasibility of a given project is presented. A typical detailed nuclear
construction feasibility study is presented. This study illustrates the manner in which
the technical data provided in this report may be used. Guidelines for accomplishing

the design of a nuclear construction project are also offered.
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TR-3 November 1968
PROJECT ZULU II, PHASE I: SINGLE-CHARGE CALIBRATION SERIES
Johnson, W, W, and Nelson, D, L.

Phase I of Project ZULU II was a laboratory-scale crater modeling experimental
series consisting of the detonation of forty-two 1-1b C-4 charges in a moist compacted
sand, This experimental series was conducted by the U, S. Army Engineer Nuclear
Cratering Group (NCGQG) at the University of California Lawrence Livermore Labora-
tory's (LLL) High Explosive Test Facility, Site 300, near Livermore, California.

The primary objectives of Phase I of Project ZULU II were: (1) to calibrate the
medium with respect to its cratering characteristics; (2) to determine the reproduci-
bility of the crater dimensions; (3) to conduct surface motion studies; and (4) to study
ejecta and fallback distribution as well as the nature of the displacements occurring in
the near vicinity of the zero point and the rupture zone.

The cratering curves developed from these experimental series showed an opti-
mum depth of burst (DOB) of 1,5 ft and a rapid decrease of apparent crater dimensions
until no crater resulted at a DOB greater than approximately 2.1 ft. The data for ten
charges detonated at a nominal DOB of 2 ft resulted in a fractional standard deviation
of 6.4% for crater radius and 20.6% for crater depth, the largest deviations observed
for any DOB, The detonation of additional 1/2-1b and 2-1b C-4 single charges showed
that cube-root scaling of apparent crater dimension§ was applicable at these yields.

The maximum surface ground zero (SGZ) vertical target velocity, Vggz: Was
observed to a function of DOB and conformed to the relationship VSGZ - 470/DOB3-1,
The resultant velocity, V, of a surface target can be described in terms of DOB and
the cosine of the angle between the vertical and a line drawn through the surface target
and the shot point, Gr. This equation can be expressed as:

3.6
E
3l

470 Cos
V =
DOB
The ejecta pellet studies did not successfully record pre- and postshot locations
of the material actually ejected from the crater. It was indicated that the fallback was
composed of material originating from over the zero point and in the region near the

apparent crater boundary.

TR-4 (Secret) December 1969

REPORT OF FAROUT FALLOUT COLLECTION FOR PROJECTS
CABRIOLET AND BUGGY

Andrews, J.B., Gibson, T.A., Jr., Sato, E.S

Sampling programs were undertaken to collect fallout.debris of large distances
downward from the CABRIOLET and BUGGY nuclear cratering events. Fallout col-

lectors were placed at three predetermined distances along three arcs just before cloud
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arrival and retrieved shortly after cloud passage. The collectors were later analyzed

to determine the species and quantities of radionuclides present on the collector.
These analyses indicate ground deposition at various downwind locations. Ex-

perimental measurements are compared to two different predictive methods for esti-

mating long-range fallout deposition.

TR-5 November 1968

PROJECT ZULU II: LABORATORY-SCALE ROW-CHARGE
CRATERING STUDIES

Novak, M, A,

Sixteen row-charge cratering experiments using 1-1b charges of C-4 were con-
ducted by the U.S. Army Nuclear Cratering Group at the University of California Law-
rence Livermore Laboratory's Site 300, The cratering medium used for these experi-
ments was a carefully controlled, moist, compacted sand. The purpose of these
experiments was to investigate the formation phenomenology and crater geometry of a
single row of explosive charges. The spacing between individual charges within the
row, the depth of burst of the charges, and the row-connection designs were varied to
evaluate the effect of these parameters on the resulting row crater configuration.

Row-charge depths of burst (DOB) varied from 1.75 to 2.50 ft and charge spacings
varied from 0,7 to 1.2 Ra' The enhancement of row crater dimensions (width and depth)
compared to single-charge craters at equivalent depths of burst decreased as charge
spacing increased and as DOB decreased. Single-charge dimensions were approached
at spacings greater than 1.2 Ra' At DOB's near optimum (i.e., 1,75 ft), the minimum
ratio of lip crest height to apparent crater depth, Hal/Da’ was approximately 0.35 and
the minimum ratio of width of apparent lip crest to width of apparent crater, Wal/wa’
was approximately 1.4,

The maximum surface ground zero (SGZ) target velocity varied with DOB accord-
ing to the relationship, Vg, = 310 (DOB) 2%, In general, the crater volume per
charge was maximized at a charge spacing of 1.1 Ra'

The smoothest row-charge connection was obtained for that experiment in which
the ratio of the distance from connecting charge to nearest free surface to the DOB of
the connecting charge (NFS/DOB) was approximately 0.80, the most irregular row-

charge connection was obtained when this ratio was approximately 0.92.

TR-6 October 1968

NUCLEAR EXCAVATION DESIGN OF A TRANSISTHMIAN
SEA-LEVEL CANAL

Hughes, B.C.

This paper presents an up-to-date analysis of the application of nuclear excava-

tion technology to the design of a sea-level canal connecting the Atlantic and Pacific
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Oceans. This analysis is based on the technical data obtained to date under the aus-
pices of the Atlantic-Pacific Interoceanic Canal Study Commission (A-PIOCS) which
was appointed by the President of the United States in April 1965 to make a full and
complete investigation and study of the feasibility of, and most suitable route for, con-
structing a sea-level canal connecting the Atlantic and Pacific Oceans. The scope of
this study effort, which is currently in progress, also includes consideration of the
best means of constructing a transisthmian canal, whether by conventional or nuclear
excavation methods, and determination of the total estimated cost of construction., Con-
sideration is given in this paper to the use of nuclear methods in the construction of a
sea-level canal through the Darien region of Panama (Route 17) and the Atrato-Truando
region of northwest Columbia (Route 25).

The site data required for a comprehensive nuclear excavation design analysis of
the proposed sea-level alignment include information pertaining to site topography,
geology, hydrography, hydrology, meteorology, seismic propagation characteristics,
bio-environmental conditions and medico-ecology. These site data are used, together
with data pertaining to nuclear explosive characteristics, cratering characteristics of
pertinent geologic media, nuclear cratering detonation effects and channel design cri-
teria, to develop an engineering-safety-cost analysis which is the basis for the nuclear
excavation design.

The results of geologic investigations to date along the 46-mi Route 17 alignment
indicate that approximately 20 mi of the alignment through the Chucunaque Valley en-
counters a weak, saturated clay shale material while the balance of the excavation
would be through relatively competent rock media. In view of the unfavorable long-
term slope stability characteristics of the Chucunaque Valley clay shales, it has
become necessary to develop techniques for using nuclear explosives to produce linear
craters that have initially flat slopes of the order of 7 to 9°, Experimental evidence to
date indicates that nuclear excavation using a two-pass, triple-row array detonation
system may offer a solution to the problem of obtaining flat slopes in the Chucunaque
Valley clay shales,

A preliminary analysis of the topography and geology along the Route 25 sea-level
canal alignment through northwest Colombia indicates that conventional excavation tech-
niques, primarily hydraulic dredging, would be the most reasonable method of excavat-
ing approximately 78 mi of the 100-mi alignment. The remaining 23 mi of the alignment,
through the Continental Divide, would be excavated using nuclear explosives.

Studies are currently in progress pertaining to the safety aspects of using nuclear
methods to construct a transisthmian sea-level canal to include consideration of seis-
mic propagation, airblast acoustical wave phenomena and radioactivity release. The
results of these studies to date indicate that the potentially damaging effect on buildings
of the ground motions resulting from seismic propagations from the nuclear detonations
will be the major factor in determining the maximum aggregate yield that can be deto-

nated at any one time along the selected alignment,
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TR-7 (Not used)

TR-8 October 1968

THE CORPS OF ENGINEERS NUCLEAR EXPLOSIVES STUDIES FOR
CIVIL CONSTRUCTION

Hughes, B.C.

This report discussed the major activities being undertaken under the Corps of
Engineers research program pertaining to nuclear explosives studies for civil construc-
tion, This program, which was initiated in 1962, supports the joint Corps of Engineers-
Atomic Energy Commission research program to develop the technology required to use
nuclear explosives in conjunction with the construction of large-scale civil projects.
The U, S. Army Engineer Nuclear Cratering Group (NCG), located at the Lawrence
Livermore Laboratory (LLL) in Livermore, California, is responsible for the techni-
cal direction and execution of this Corps of Engineers' research and development effort,

The primary NCG program activities include: (1) execution of High Explosive
(HE) cratering experiments to develop cratering characteristics data for geologic media
of interest and serve as calibration experiments for large-scale nuclear experiments;
(2) participation in and joint planning of AEC nuclear excavation experiments; (3) devel-
opment of pertinent data on the engineering characteristics and physical properties of
nuclear craters; (4) development of civil works nuclear construction technology; (5) ac-
complishment of engineering studies to identify and solve engineering and construction
problems involved in the use of nuclear explosives in construction of Civil Works proj-
ects; and (6) execution of joint CE/AEC Civil Works nuclear construction experiments.

NCG has executed five major HE cratering experiments to date. These experi-
ments have provided significant empirical data for use in the design of nuclear excava-
tion experiments as well as in the development of cratering code calculation techniques.

The results of the NCG engineering feasibility studies program to date have indi-
cated that the following four nuclear civil construction applications have significant
potential for accomplishment: (1) nuclear quarrying to produce rockfill or aggregate;
(2) nuclear ejecta dam construction; (3) nuclear harbor construction; and (4) nuclear
canal excavation. The nuclear quarry concept has been identified as the most immedi-

ate application of present technology.

TR-9 (Not used)

TR-10 March 1969

CONSTRUCTION TECHNIQUES AND COSTS FOR EMPLACEMENT
OF NUCLEAR EXPLOSIVES IN DISTURBED MEDIA

Hair, J. L.

This report describes state-of-the-art methods and preliminary cost estimating
procedures considered applicable to nuclear explosive emplacement construction

through disturbed zones associated with single, row, and array craters produced by
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nuclear explosives, These shafts would be used primarily for connecting row craters
and for emplacement of additional devices to modify the geometry of existing craters.
A secondary purpose would be to provide access to previously buried but undetonated

devices. Civil works projects presently being considered for construction by nuclear
methods include: (1) dam construction, (2) canal excavation, (3) harbor construction,
and (4) quarrying operations.
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